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Abstract 
Digital Image Correlation (DIC) is an ill-posed problem.  To circumvent this difficulty, the needed 
regularization is often introduced implicitly through the choice of a kinematic basis used to embed 
the sought solution for displacement fields.  Alternatively, a priori information on the mechanical 
behavior of the studied specimen is often available.  This presentation is focused on different ways 
of supplementing DIC with mechanical information to achieve enhanced fidelity and robustness.  
Adapted unstructured mesh is used herein as an example of such a coupling.
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1. Introduction 
The most stringent limitation of Digital Image Correlation (DIC) comes from its ill-posedness.  The 
limited available information, typically two gray-level images, impedes the measurement of very rapid 
variations of the displacement field, and hence constitutes a potential barrier to very small scale 
displacement resolutions.  
In this presentation, a brief overview of different strategies that can be considered in order to break this 
frontier is presented.  Focus is made on some approaches (e.g., adapted unstructured mesh in global DIC) 
that have not been documented so far in the literature.   
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2. Kinematic basis regularization 
Different strategies can be designed to overcome the limitation between resolution and spatial 
resolution [1].  The most obvious one is to work with a coarse description of the displacement based on a 
discretization scale that is much larger than the pixel scale.  Such is the choice of local DIC 
approaches [2] where the scale of the Zone Of Interest (ZOI) can be seen as a natural regularization.  
Apart from this coarse description, no additional assumption is enforced on the displacement field, which 
finally has to be interpolated between ZOI centers.  In practice, this choice limits the ZOI size to typically 
10 pixels or more.   
In order to achieve finer spatial resolutions, some additional information has to be provided.  One such 
example is to assume that the displacement field be continuous.  In that case, the displacement field can be 
decomposed over a convenient basis of functions that fulfill this constraint.  For instance, a finite element 
basis can be considered [3].  The problem to solve no longer consists in a collection of independent 
correlation computation for each ZOI as was the case for local DIC [2].  In contrast, the problem has to be 
formulated as a whole and all degrees of freedom determined simultaneously through the solution of a 
coupled problem, hence the terminology of “global DIC” is used in this context.  This coupling however 
involves an over-cost in terms of computation time.  This extra cost is however very rewarding in terms of 
result quality.  The post-processing step of data interpolation and smoothing becomes essentially useless, 
and hence a good control of the displacement determination is preserved.  In particular, residual fields, i.e.
difference between registered images, are a mere reflection of the quality of image registration that can be 
computed at the pixel scale.  The interested reader is referred to References [3, 4] for details on the global 
DIC implementation. 
To illustrate the following presentation, different treatments will be performed on the same image pair.  
The latter corresponds to a fatigue test on a cross-shaped sample made of titanium alloy under biaxial 
loading.  A series of images are taken at the maximum load amplitude after a varying number of cycles.  
In the present analysis, the reference image is taken after 380,000 cycles, i.e. before any noticeable 
surface damage could be detected.  The deformed image is chosen after 415,000 cycles where a main 
crack has propagated in the field of observation.  Figure 1a shows the reference image where a black and 
white speckle pattern has been sprayed onto the surface.   
 (a)                (b) 
Fig. 1.  (a) Reference image, and boundary of the analyzed domain shown as a bold white line; (b) unstructured mesh used for a 
global T3-DIC description. 
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To show the ability of “global DIC” to comply with an arbitrary boundary, an unstructured mesh 
bounded by a polygon is shown in Figure 1b.  Elements are 3-noded triangles with an average area of 
about 110 pixels2 equivalent to a square ZOI size of approximately 11 pixels.  A linear displacement is 
prescribed over each T3 element.   
Recourse to a finite element description is able to resolve the displacement field including a clear 
discontinuity (crack) as shown in Figure 2.  However, when focusing on the crack, discretization effects 
become obvious.  It is worth noting that in spite of a very small range of displacements and a rather fine 
mesh, the fluctuation level of the displacement field is very low.  A triangular mesh seems to be superior 
to a regular square mesh (Q4 elements) in this respect.  Last, some deviations from a smooth field 
(outside the vicinity of the crack) can be clearly distinguished.  A detailed examination of the residual 
field shows that these regions correspond presumably to dust particles (isolated spots or worm-like 
patterns) present on the camera sensor, which cannot be detected on the original images. 
 (a)  (b) 
Fig. 2.  (a) Vertical Ux and (b) horizontal Uy displacement field for raw “global DIC” using the unstructured mesh of Fig. 1b.  The 
values are expressed in pixels. 
Additional regularity of the displacement field may be prescribed by resorting to C1 finite element 
shape functions (e.g., T6-elements).  This direction is however not explored in the sequel. 
3. Mechanical regularization 
Another way to introduce a priori information on the displacement field can be inferred from so-called 
Tikhonov regularization often used in inverse problems [5].  The spirit of the method is to add to the DIC 
objective functional to be minimized an additional term that penalizes unwanted “irregularities” of the 
field.  Originally, a simple quadratic norm of the sought field was proposed [5].  This form was soon 
generalized to quadratic norms of the field gradients, or higher order variants [6].  For the analysis of 
deformable bodies, it is essential for the regularization to be neutral with respect to arbitrary rigid body 
motions.  This simple requirement automatically selects a specific form of the penalization kernel, which 
is encountered in linear elasticity.  In the absence of body forces, in the bulk of an elastic body, the 
displacement field, U(x), should obey a linear second order differential equation, i.e. Lamé’s equation, 
which is written symbolically 
0UCU  { ):()(Lam
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where the fourth order Hooke tensor C involves the elastic constants.  In the language of finite element 
computations, Lamé’s operator reduces to the stiffness matrix, [K], so that the above constraint reads 
  [K]{U} = 0
where {U} is the vector of nodal displacements. 
In the present case, the mechanical regularization should penalize deviations from the above equation 
and hence it has been proposed to regularize the DIC problem with the quadratic norm of Lam(U) [7, 8].  
This functional is added to the standard DIC objective functional, 2)())((
:
 xxUx fg .  A recurrent 
difficulty with Tikhonov regularization is the relative weight of the two functionals to be added.  A way 
to understand the effect of different weighting is to evaluate the two objective functionals for a specific 
form of the displacement, which is a pure Fourier mode, )exp( xkU  i .  The DIC functional is 
independent of the wavevector k, whereas the elastic regularization scales as |k|4.  The latter property 
results from the fact that Lamé’s operator is a second order differential operator.  Hence, the prefactor of 
the regularization term is proportional to the fourth power of a characteristic length scale, [4.  The 
proportionality constant can simply be set by normalizing the two objective functions for a chosen 
wavenumber [7, 8].  It is important to note that the proposed regularization only holds for interior nodes 
of the mesh.  Along any edge, no information is available on the stress field, and hence the above form 
cannot be used.  A phenomenological regularization in the same spirit can be proposed based on rigid 
body motion invariance [8].    
Figure 3 shows the displacement field obtained with the same mesh as in Figure 2, but a regularization 
term such that [ = 100 pixels.  A good agreement is obtained with respect to the raw DIC determination. 
However, the small scale fluctuations, which were attributed to dust particles, have been filtered out.  It is 
also apparent that the abrupt discontinuity due to the crack has been smeared out by the mechanical 
regularization. 
(a)  (b) 
Fig. 3.  (a) Ux; (b) Uy displacement field with mechanical regularization.  The values are expressed in pixels. 
Before tackling the question of a specific handling of the crack discontinuity, the question of 
uncertainty is first addressed.  A common way of estimating a priori uncertainty is to perform a DIC 
analysis between two images, where the deformed image is an artificial one deduced from the reference 
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one by a ½ pixel translation along each axis [3].  The difference between the mean displacement and the 
known value gives an estimate of the systematic error (including algorithm convergence, discretization 
and interpolation effects, and image quality).  The standard deviation of the measured displacement gives 
an estimate of the standard uncertainty.  Such a procedure is performed starting from a large 
regularization length scale [, and progressively reducing it (in a geometric series of ratio ½).  Systematic 
errors are one to two orders of magnitude smaller than the standard uncertainty and hence are not reported 
herein.  Standard uncertainties are shown in Figure 4 as functions of [.  The larger [, the smaller the 
uncertainty level.  As the regularization length scale decreases, the uncertainty increases.  However, a 
memory of the starting value of the regularization length is preserved, namely, at a given value of [, the 
uncertainty is a decreasing function of the initial value of the regularization length scale.  This underlines 
the fact that the uncertainty is mostly the result of local trapping in spurious minima of the DIC 
optimization procedure.  Thus the relaxation algorithm, which initiates the computation with a good 
solution thanks to a large regularization length, constitutes a significant benefit that is preserved as 
regularization is progressively reduced.  This opens a novel means of further reducing the uncertainty of 
DIC codes.  Here the mechanical regularization offers a unique opportunity to continuously tune (i.e.
enforce or relax) the smoothness constraints on the displacement field. 
Fig. 4.  Standard deviation of displacement field (in pixel) as a function of the regularization length scale, [ (in pixels).  Continuous 
curves are obtained through a progressive decrease of [ as indicated with arrows.  The typical element size of the mesh is 
l = 15 pixels.  When [ l, mechanical regularization is ineffective. 
To restore an abrupt discontinuity, again different strategies can be proposed.  The first is to note that 
the above regularization can also deal with an inhomogeneous field of elastic property.  Rather than 
distributing elastic properties at will from one element to the next, it is more satisfactory to soften the 
elastic properties where the strain is the largest.  This route consists in identifying the nonlinear 
constitutive law of the considered solid, coupled with the DIC procedure.  Such a treatment was proposed 
in a sequential fashion in Reference [9].  For the present example representing a crack from a damage 
field it is feasible but it requires a very fine mesh to offer a reliable description.  Consequently, another 
route will be followed. 
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3 Adapted mesh 
The representation of a crack in a finite element framework can be addressed through different 
approaches.  One attractive route is X-FEM where the kinematic description is enriched with 
discontinuous degrees of freedom [10, 11].  It has been shown that such an approach could be tailored to a 
global DIC approach, i.e. a so-called X-DIC procedure [12]. 
Another possibility is to adjust the mesh to allow for a discontinuity along the boundary of some 
elements.  However, this calls for an appropriate determination of the crack path.  The residual field is a 
very useful piece of information to reach this goal.  A continuous displacement field is unable to account 
for the presence of a crack, and hence the crack appears very clearly in the correlation residuals as shown 
in Figure 5a.  From the latter field, an optimization procedure can be applied to maximize the sum of 
residuals along a path.  Because of the irregularity of the residual field, a suited algorithm is called for.  A 
two-dimensional variant of the procedure discussed in Reference [13] has been used in our case.  The 
path is optimized from a coarse to a fine filtered residual field, and a line tension is introduced to 
compensate for locally missing data.  Once the path has been determined, mesh nodes are distributed 
along the path and the remainder of the mesh is relaxed to ensure an even distribution of distances 
between elements.  This allows us to obtain the mesh shown in Figure 5b.  Finally, nodes along the crack 
path are split into two depending on the side of the crack elements are located. 
(a)  (b) 
Fig. 5.  (a) Gray level residual field resolved at the pixel scale.  The dynamic range of the analyzed pictures is 2014 gray levels.  
(b) Adapted mesh with a crack. 
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The adapted mesh is then used to determine the displacement field based on the previous approach.  In 
terms of mechanical regularization no special care has to be taken.  The crack faces are stress-free by  
(a)  (b) 
Fig. 6.  (a) Vertical and (b) horizontal components of the displacement field using the adapted mesh and discontinuity along the
crack.  The values are expressed in pixels. 
construction, and hence the mechanical regularization kernel can be used treating crack nodes as interior 
ones.  The smoothening of displacements on the boundary can however be implemented along the crack 
face to further prevent rapid fluctuations of the displacement field on each side of the crack to occur.  
Figure 6 shows the two components of the displacement field based on the adapted mesh.  In contrast to 
X-DIC strategies, which are known to be poorly conditioned on enriched degrees of freedom [14], 
mechanical and boundary regularization allows us to obtain a smoothly varying discontinuity.   
Figure 7a shows the crack opening displacement along the crack mouth.  It can be seen that the 
discontinuity is vanishing in the lower part of the crack (although the two crack faces are allowed to move 
independently).  It can also be noticed that a marked change of displacement jump orientation occurs in 
the central part of the crack where the crack is also inclined with respect to the other segments.  To 
understand the reason for this change of orientation, it is useful to consider the strain map shown in 
Figure 7b.  Apart from the main crack, whose strain concentration has been mostly (but not entirely) 
erased by the introduction of the discontinuity, a secondary strain concentration can be observed over an 
inclined path.  It is to be emphasized that the strain concentration could not be observed without allowing 
for the main crack opening.  This result illustrates the interest of a mechanical regularization and mesh 
adaption to analyze a complex damage pattern.  
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(a)  (b) 
Fig. 7.  (a) Crack opening displacement along the crack mouth. (b) Deviatoric strain field using the adapted mesh and discontinuity
along the crack. 
4 Conclusions 
The present paper is intended to illustrate the potential of mechanical regularization proposed here for 
obtaining a better robustness and accuracy of global DIC.  A remarkable flexibility is offered by the 
global DIC formulation, and hence all features of mesh adaption, mesh refinement, kinematic enrichment, 
morphing that have been proposed over the years in the field of computational mechanics can be 
transposed and utilized efficiently for DIC applications.   
Moreover, the present regularization can be used as a tool to perform identification of elastic properties 
[15], stress intensity factors [7,13] or other quantities of interest.  It has been stressed that regularization 
suppresses stringent requirements on meshes that could result from the image or marking properties. The 
advantage of global DIC is then to have the same kinematic description during the measurement stage, 
and the subsequent [9,13] or coupled identification stage [15-17].  In the latter case, the identification 
quality is directly evaluated on images and not on a pre-processed DIC displacement field.   
Last, the example treated herein dealt with 2D pictures. The same type of approach can be extended to 
3D images (e.g., reconstructed volumes obtained by computed tomography).  In particular, global 
approaches to digital volume correlation were developed with 8-noded elements and trilinear 
displacement interpolation [4].  An enriched kinematics was also considered to deal with 3D cracks [13].  
A regularized approach allowed for correlations down to voxel scale discretizations [8].   
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Nomenclature 
C Hooke’s tensor 
f(x) image in the reference configuration represented as a gray-level valued function 
g(x) image in the deformed configuration 
k wavevector 
[K] stiffness matrix 
Lam Lamé’s operator 
U displacement field 
[       regularization length 
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